A scanning laser microscope was used at its highest resolution (25 mm) to study the surface of three kinds of commercial chocolate. Data of measured surfaces were analyzed by scale-sensitive fractal analysis (SSFA) using linear and area tiling (length-scale and area-scale analysis) and by conventional statistical analyses for roughness. Area-scale and lengthscale fractal complexities (Lsfc and Asfc) and the smooth-rough crossover (SRC) derived from SSFA proved adequate to characterize the surface roughness of chocolate and changes in topography as a result of bloom. The three chocolate surfaces analyzed had similar values of Asfc, Lsfc and ARa. Nestle´milk chocolate presented significant higher values of SRC than those corresponding to the other two kinds of chocolate analyzed (e.g., 0.051 mm 2 vs. 0.038 and 0.037 mm 2 in the case of areascale sensitive analysis) implying a rougher surface.
INTRODUCTION
Surface topography is one of the most important physical properties of chocolate influencing not only their visual and sensorial aspects but also their behavior during processing and storage. Fat bloom, the principal factor of quality loss in chocolate, results from structural changes at the surface that compromises both its visual and textural quality. [1] Regarded as a major flavor and texture defect, fat bloom is recognized as a grayish white film on the surface of chocolate, causing it to appear dull, old and stale. [2] It can eventually progress to the point where the surface takes a whitish-gray hazy appearance. Bloom involves a change in the polymorphic form of cocoa butter from an unstable b 0 form to more stable forms (e.g., b) due to recrystallization of fat at the surface of chocolate. However, bloom formation is a complex process that is related to recrystallization of lipids but may not be solely due to polymorphic transitions. [3] Melting chocolate destroys the stable polymorphic crystals developed during tempering. The surfacedulling appearance of bloom is caused by the scattering of light produced by clusters of large fat crystals of 5 mm or greater that extend from the surface of the chocolate. [4] The development of surface bloom in chocolate is enhanced at high temperatures and during thermal fluctuations. [3] Surface characteristics of chocolate and their relation to sensorial properties have not been addressed to a major extent by food engineers. Neither has a quantitative relationship between chocolate surface parameters and the initiation and progress of bloom been resolved. Scale-sensitive fractal analysis [5] seems to be an appropriate tool to characterize the surface of chocolate and other kind of foods. [6] Fractal analysis can provide available areas (as a function of scale) that may be relevant to specific phenomena [7] with obvious applications in food engineering and food technology.
This scale-sensitive fractal analysis has been applied to quantify the surface of some foods such as bread and fried potatoes [6] using two parameters. One parameter is the smooth-rough crossover scale (SRC) which is the scale above which the surface appears smooth, and is easily characterized by Euclidean geometry, and below which the surface appears rough and can appropriately be characterized by fractal geometry. [5] The other parameter is the complexity that for length-scale analysis it is the length-scale fractal complexity, Lsfc, and for area-scale analysis it is the area-scale fractal complexity, Asfc. Larger Asfcs or Lsfcs are an indication of higher complexity, intricacy or roughness of the surface at scales somewhere below the SRC. [5] The objectives of this study were: (i) to study the surface of three kinds of commercial chocolate using a laser scanning microscope to acquire topographical data; and perform scale-sensitive fractal and conventional statistical [8] analysis to derive quantitative parameters; (ii) to select the proper region size (with the lowest coefficient of variation) of chocolate surface to be measured for further analysis and (iii) to study kinetically changes in the surface of chocolate under conditions simulating those that induces bloom.
MATERIALS AND METHODS

Materials
Three kinds of chocolate (Nestle´Food Company; Glendale, CA, USA) bought from a supermarket in Worcester, MA were analyzed: Milk Chocolate Giant superior quality, Giant Crunch (milk chocolate with crisped rice) and Chunky (milk chocolate with nuts and raisings).
Measuring Surface Textures
A scanning laser microscope (SLM) developed at the Surface Metrology Laboratory of Worcester Polytechnic Institute (WPI) was used to measure the surface (height, z, as a function of position x,y) of chocolates (Johnsen 1998 ). The SLM consists of a triangulation laser sensor for height measurements (LC-2210 Keyence, Fair Lawn, NJ, USA), positioning stages (Compumotor 10000 Series, Parker Rohnert Park, CA, USA) and controllers. The stages are configured and controlled for areal (x,y) scanning of the surface, being measured by the triangulation laser sensor, as a series of traces, or profiles (z ¼ z(x)). Height measurements (z) at positions on a regular grid in x and y with at 25 mm sampling interval (topographical data acquisition) were made in six rectangular pieces from the same chocolate bar using the finest resolution of the SLM (25 mm). Topographic data of chocolate surfaces were stored digitally for subsequent scale-sensitive fractal and statistical analyses.
Analysis of the Measured Surface Textures
Textures were analyzed using length-scale and area-scale analyses (Surfrax, www.surfract.com) and conventional statistical analysis. Lengthscale and area-scale measurements are scale-sensitive fractal analyses (to be published in 2002 as chapter 10 of Ref. 8). They make use of the property that the length of profiles and the areas of rough surfaces are not unique, but depend on the scale of observation. Through repeated virtual tiling exercises (described in more detail below) over a range of scales, which can extend from the sampling interval to the size of the region measured, the lengths and areas are calculated as a function of scale. The parameters SRC and the Lsfc or Asfc are derived from log-log plots of the normalized, or relative, area or lengths versus the scale of observation, or calculation. The SRC and the Lsfc or Asfc are orthogonal parameters, in that one can vary independently of the other, and in this way describe different aspects of the measured surface roughness. The statistical parameter calculated from conventional analysis is called the arithmetic average roughness (ARa). [8] ARa is the average of the absolute value of the height deviations from a mean surface. ARa is the areal version of Ra, which calculated from a measured profile as opposed to a measured surface and is the most commonly used parameter to describe surface roughness.
The heterogeneous-homogeneous (H-H) crossover is the size of the measurement region above which the surface parameters are representative and below which these parameters could present high variability because the size of the region approaches the size of distinctive features on the surface. To determine the H-H crossovers in the surface of chocolate Chunky, the variation of topographic parameters as a function of the size of the measured region was determined in six different rectangular pieces of the same chocolate bar. Regions of progressively smaller sizes in the same rectangle (156.25, 110.25, 72.25, 42.25, 20.25 and 6.25 mm 2 ) were measured with the SLM, and analyzed with Surfrax, which determined the scale-sensitive fractal parameters Asfc and SRC for each of the six areas. The coefficient of variation (COV), defined as the standard deviation divided by its mean, was calculated for the SRC and Asfc and plotted as a function of the size of the measured region.
Bloom Study
Bloom experiments were conducted in an isothermal chamber that maintained an air temperature of 30 C (AE 1 C). The chamber consisted of an expanded polystyrene box (0.4060.3060.36 m) provided with a light bulb of 7.5 W placed in the bottom of the box and connected to a thermostat to control the air temperature. Chocolate pieces were placed on a perforated tray that was held at the center of the chamber. Six rectangular pieces of chocolate Crunch coming from the same bar were exposed 12 h each day to the chamber conditions (31 C) and removed to ambient temperature (21 C). This step defines a unit cycle.
Almost the entire surface (13 mm612 mm) of each of the six chocolate samples was scanned using the SLM at its finest resolution. Scalesensitive fractal and conventional parameters were calculated for each of the six samples and the average values were plotted against the number of cycles.
RESULTS AND DISCUSSION
Images derived from topographies measured with the SLM for the surface of the three types of chocolate analyzed are shown in Fig. 1 . Each chocolate bar consisted of a main surface and an embossed surface corresponding to the letters that indicate the brand of each chocolate (e.g., Milk, Crunch and Chunky, respectively). Scale-sensitive fractal parameters and the standard parameter ARa corresponding to the topography of these chocolates are shown in Table 1 .
Area-scale analysis by the patchwork method determines apparent areas over a range of scales by repeated virtual tiling exercises with triangular patches on the measured surface and it was used to calculate the scale sensitive parameters (Asfc and SRC) on chocolate surfaces. Figure 2 shows three virtual tiling exercises using triangular patches with progressively smaller areas. In general, the smaller the triangular patch used in the virtual tiling, the greater the apparent area. For each tiling exercise the area of the triangular patch size remains constant and represents the scale of measurement, or observation.
Using triangles of only one size during an individual measurement assures that each measurement is made at only one scale and, as a result, the edges of the measured surface, where a full tile cannot be fit, are left uncovered by the tiling. The relative area is determined by multiplying the number of triangular patches (in one tiling exercise) by their area, to determine the apparent area at that scale, and then dividing by the projected area of the portion of the surface that is tiled. The minimum relative area is one. Determining the relative area is a way of normalizing the measured area and accounting for portions of the measured surface that are not covered in the tiling.
After a sufficient number of iterations of the virtual tiling exercises over a significant range of areas of the triangular patches, the result is represented as a log-log plot of relative areas versus the area of the triangle, which is called an area-scale plot (Fig. 3) . These scale-sensitive fractal analyses allow for the calculation of two kinds of characterization parameters of area-scale analysis as shown in Fig. 3 :
A. One parameter is the smooth-rough crossoverscale (SRC). The SRC is the scale above which the surface appears smooth, and is easily characterized by Euclidean geometry, and below which the surface appears rough and can appropriately be characterized by fractal geometry. Figure 3 shows that at scales above the SRC the relative areas are close to one, and below the SRC the relative areas are clearly greater than one. A threshold in relative area can be selected and used to determine the scale of the SRC. The SRC has a clear physical interpretation in that interactions with the surface at scales above the SRC see the surface as smooth while interactions at scales below the SRC see a rough surface. If the data set exhibit multi-fractal behavior there may be several different slopes that describe the plot over different scale ranges. [10] Similar parameters can be extracted from length-scale plots generated by the length-scale analysis. In this case the analysis is done over the profiles or cross sections of the surface using line segments of different length (compass method).
Statistical analysis shows that there is no significant difference (p > 0.1) among the surface parameters of these 3 kinds of chocolate (Table 1) , except in the case of SRC (either when the scale sensitive or length scale sensitive analysis was applied) which is significantly higher for Milk chocolate (e.g., 0.0510 mm 2 vs. 0.0377 and 0.0373 mm 2 , for Chunky and Crunch, respectively). The conventional parameter ARa (a general indicator of the roughness) is not sensitive enough to determine surface changes in chocolate samples such as those detected by the SRC parameter. Conventional and fractal parameters differ in the kind of information they contain, and the ranking of surface textures by fractal and conventional parameters can differ significantly in some cases. The coefficient of variation was always higher for the area-scale parameters than for the corresponding length-scale parameters. The mean Asfc value for these 3 types of chocolate was lower than that determined for the surface of a Milky Way chocolate bar [6] suggesting lower surface complexity below the SRC value (26.4 vs. 45.84, respectively) in Nestle´chocolates. The mean SRC value for chocolates was similar to the SRC value of the Milky Way chocolate bar (0.042 mm 2 vs. 0.039 mm 2 ). The coefficient of variation of the Asfc and SRC for the surface of the chocolate Nestle´chunky as a function of the size of the measured region is presented in Fig. 4 . This kind of analysis is useful to investigate the existence of heterogeneous-homogeneous (H-H) crossover in a surface. The COV of SRC decreases considerably (from 0.71 to 0.17) as the size of the region increases from 6.25 to 42.25 mm 2 and remains almost constant for sizes above 42.25 mm 2 . On the other hand, the COV of Asfc shows almost no variation with the area (average value of $0.12). Accordingly, a measurement region of 42.25 mm 2 or higher will support the determination of representative parameters of the surface of the chocolate Chunky, although it will miss the region to region differences in the SRC. Because the ASFC and SRC are orthogonal parameters the COVs can have different patterns with respect to size of the measurement region and the H-H crossovers can be different. Figure 5 shows that as the chocolate surface is exposed more time to bloom conditions, some spots appear in the surface (7 cycles) which tend to grow and agglomerate as the process continues giving a very pronounced white appearance to the surface (14 cycles). Length-scale analysis which analyzes profiles, or cross-sections, (i.e., z ¼ zðxÞ or z ¼ zðyÞ) of a measured surface was used to study the changes in the topography of chocolate Crunch under conditions that induce bloom. Figure 6 shows that the parameter Lsfc decreased abruptly from 35 after the first cycle and remained almost constant until 18 cycles when the surface is almost totally white (average value of $21). This change indicates that the intricacy or complexity of the chocolate surface below the SRC diminished rapidly when the sample is exposed to the bloom conditions employed in this study. However, the other length scale sensitive parameter, SRC (mm) increases with the bloom cycles showing two phases: the first one in which SRC increases initially from 0.22 to approximately 0.29 mm (average value) remaining constant in this value until cycle 6. The second one in which the SRC increases from 0.31 mm (cycle 6) until an almost constant value of $0.47 mm after cycle 8. It is worth nothing that statistical parameter ARa increased with the number of cycles following a similar trend to that showed by SRC indicating in general terms the development of rougher surfaces in chocolate during exposition to bloom conditions. These two phases could suggest the existence of two mechanisms of bloom formation. Future studies should be focused on correlating changes in topographic parameters with changes in color and the presence of certain polymorphic forms of cocoa fat in the chocolate surface that will help to elucidate the mechanisms of bloom formation.
During the initial stages of bloom formation, small needle-shaped crystals appear in the surface of the chocolate (273 mm in size) which tend to multiply and agglomerate as bloom conditions proceed. [11] Since the finest resolution of the SLM is 25 mm, it would be better to use a measurement instrument with higher resolution (e.g., 1 mm) to study bloom formation during the initial stages. However, the SLM used in this work at its finest resolution was able to detect surface changes under the blooming conditions used and over the entire surface of the chocolate.
CONCLUSIONS
Scale-sensitive fractal parameters-fractal complexity and smoothrough crossover-determined either by area-scale or length-scale fractal analysis were instrumental in quantifying the surface roughness of three types of commercial chocolate samples and following the kinetics of surface changes under fat bloom inducing conditions. Techniques demonstrated in this paper can be used to characterize surface properties of foods as well as changes during storage distribution when these alterations are beyond the visual range.
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